Heme is a strong inducer and substrate of the stress protein heme oxygenase-1 (HO-1), which produces carbon monoxide, iron, and bilirubin. We have reported recently that nitric oxide (NO) augments the incorporation of free hemin in endothelial cells, resulting in amplified HO-1 expression and production of bilirubin. Here, we extend our studies by showing that both NO ϩ and NO Ϫ donors interacted with reduced (HbA 0 ) or oxidized (metHb)
take was observed following exposure of HbA 0 or HbS to the NO donors, which also increased the uptake of free hemin. We postulated that this effect may be caused by formation of heme-nitrosyl (H-NO) complexes, and indeed endothelial cells exposed to preformed H-NO showed greater heme incorporation than free hemin. Furthermore, NO donors directly affected the permeability of membranes to free hemin. In conclusion, our data indicate a novel role for NO in the modulation of heme transport and HO-1 induction in endothelial cells, which may be relevant for hematological disorders characterized by disruption of the heme-NO equilibrium.
Heme is essential for the function of all aerobic cells. It is a complex of iron with protoporphyrin IX and is used as a prosthetic group in several hemoproteins (e.g., hemoglobin, cytochromes, and guanylate cyclase) where it serves a variety of functions, including transport of oxygen and signal transduction. Free heme acts also as a pro-oxidant and toxic molecule, and cells have evolved specific systems to maintain a low concentration (Ͻ10 Ϫ9 M) of endogenous heme. Thus, the synthesis and catabolism of heme are tightly controlled by mitochondrial 5-aminolevulinate synthase and heme oxygenase, respectively (Ponka, 1999) . In addition, heme-mediated cytotoxicity can be prevented by the intracellular and extracellular transport of heme undertaken by specific proteins that function as transient carriers. For example, albumin and hemopexin are well known heme-binding proteins present in blood. However, whereas albumin binds to various substances (such as bilirubin) in addition to heme, hemopexin specifically binds the tetrapyrrole molecule with an extremely high affinity (Morgan et al., 1976) . Although the existence of hemopexin receptors has been postulated in human leukemia cells (Taketani et al., 1987) , little is known about their physiological properties. In addition, a human hemopexinheme receptor has been recently identified and is expressed in several cell types, including macrophages, hepatocytes, neurons, and syncytiotrophoblasts (Hvidberg et al., 2005) . Interestingly, heme receptors have been reported on the surface of murine erythroleukemia and hepatocytes (Galbraith et al., 1985; Galbraith, 1990) . There also exist other serum proteins, such as haptoglobin, that capture free hemoglobin released after erythrocyte injury. In this context, it is worth mentioning that CD163, a scavenger receptor expressed exclusively by macrophages and monocytes (Kristiansen et al., 2001) , mediates the endocytosis of the hemoglobin-haptoglobin complexes and was shown recently to trigger interleukin 10 and heme oxygenase-1 (HO-1) expression in human macrophages (Philippidis et al., 2004) .
Heme oxygenases exist in constitutive (HO-2) and inducible forms (HO-1) and catalyze the degradation of heme to biliverdin, carbon monoxide (CO), and ferrous iron (Maines, 1997) . Hemin and hemoglobin are among the many factors shown to induce HO-1, an enzyme intrinsically involved in protection against oxidant stress-mediated damage (Balla et al., 1993; Motterlini et al., 1995) . HO-1 may also be part of a protective system utilized by cells to counteract nitrosative stress caused by excessive production of nitric oxide (NO) and its derivatives targeting nucleophilic centers and proteins Motterlini et al., 2000 Motterlini et al., , 2002 Naughton et al., 2002a) . Indeed, NO is a powerful inducer of HO-1 (Motterlini et al., 1996; Foresti et al., 1997; Motterlini et al., 2000) , and it is not surprising that up-regulation of this protein has been detected in pathological conditions characterized by increased levels of NO, such as endotoxic and hemorrhagic shock (Foresti et al., 2004) . These pathological states, together with sickle cell disease, exhibit extensive hemolysis, and because of the highly lipophilic nature of heme, it is assumed that heme will incorporate readily into endothelial cell membranes once liberated from red blood cells (Nath et al., 2001) . As a consequence, it is generally accepted that the intracellular transport of heme may not be regulated by external factors.
However, our previous work investigating the influence of NO on heme-mediated modulation of endothelial HO-1 expression led to some intriguing findings, whereby coincubation of endothelial cells with hemin and NO resulted in increased hemin uptake and subsequently magnified HO-1 induction . We have proposed a potential co-operation between NO and hemin, resulting in potentiation of HO-1 expression along with increased production of biliverdin/bilirubin (antioxidant), CO (anti-inflammatory and signaling), and iron (signaling), thereby affecting vascular functions in a pathophysiological scenario where abnormal levels of NO and heme are observed. In the present study, we explored the ability of NO in its various redox states to modulate the induction of endothelial HO-1 by different hemoglobins and investigated some of the underlying mechanisms.
Materials and Methods

Materials.
Human hemoglobin-A 0 ferrous-stabilized (HbA 0 ), human sickle cell hemoglobin (HbS), human methemoglobin (metHb) media, and cell culture media supplements (L-glutamine, fetal bovine serum, and bovine serum albumin) were obtained from Sigma (Gillingham, Dorset, UK). Streptomycin, penicillin, and Dulbecco's phosphate-buffered saline (PBS) were purchased from Invitrogen (Carlsbad, CA). Hemin was purchased from Porphyrin Products (Logan, UT). S-Nitrosoglutathione (GSNO) and sodium trioxodinitrate [NaN 2 O 3 or Angeli's salt (AS)] were obtained from Alexis Corporation (Bingham, UK). The nitrosyl adduct of hemin [heme-nitrosyl (H-NO) or NO-Fe II -protoporphyrin IX] was prepared as described below.
Synthesis of Ferrous H-NO (NO-Fe II -Protoporphyrin IX). All of the experiments were conducted under strict anaerobic conditions using standard Schlenk techniques. The nitrosyl adduct of hemin was generated by dissolving hemin (Aldrich, St. Louis, MO) in carbonate buffer (pH ϭ 10), adding 40-fold excess of sodium dithionite (Fisher, Pittsburgh, PA) followed by adding 20-fold excess of sodium nitrite (Sigma) under anaerobic conditions. During the reaction, the solution turned from brown to deep red, indicating the formation of the ferrous nitrosyl adduct. The pH was adjusted to 7 by the addition of excess buffer, and the nitrosyl hemin was extracted into methyl ethyl ketone. The extract was washed anaerobically with buffer (pH ϭ 7) three times, and the solution was dried to an airstable solid. Redissolution of the solid in buffer (pH ϭ 10) allowed spectral characterization of an intense Soret maximum at 420 nm, confirming the formation of the ferrous nitrosyl adduct. The electronic spectra were recorded on a Hewlett-Packard (Palo Alto, CA) 8453 spectrophotometer. Because the H-NO adduct has limited stability in aerobic solutions, ultimately forming nitrate and ferric hemin, great care was taken to reduce the exposure of the complex to air before the experiments. In addition, control experiments were performed to exclude the influence of nitrate on heme uptake.
Cell Culture and Experimental Protocol. Bovine aortic endothelial cells were purchased from Coriell Cell Repositories (Camden, NJ). Porcine renal epithelial cells (LLC-PK 1 ), RAW264.7 macrophages, and human adult atrial myoblast cells (Girardi cells) were purchased from the European Collection of Animal Cell Culture (Salisbury, UK). Endothelial cells were grown in Iscove's modified Dulbecco's medium supplemented with 10% fetal bovine serum and 2 mM L-glutamine. Porcine renal epithelial cells and RAW264.7 macrophages were grown in Dulbecco's medium supplemented with 10% fetal bovine serum and 2 mM L-glutamine. Girardi cells were cultured in Dulbecco's modified Eagle's medium, along with 1% nonessential amino acids, 10% fetal bovine serum, and 3.5 mM L-glutamine. All of the media contained 100 units/ml penicillin and 0.1 mg/ml streptomycin. Cells were cultured in 75-cm 2 flasks for heme oxygenase activity and Western blot analysis. For determination of heme content, cells were cultured in 24-well dishes, and for the bilirubin assay, cells were cultured in Petri dishes (35-mm diameter). We initially examined the effect of coincubation of hemoglobins and NO donors on endothelial heme oxygenase activity and HO-1 expression. The three distinct hemoglobins used were 1) HbA 0 , the form normally present in the adult red blood cell; 2) HbS, the mutated form of hemoglobin found in sickle cell disease; and 3) metHb, the oxidized form of hemoglobin. Cells were exposed to 15 M HbA 0 , 15 M HbS, or 1 M metHb for 6 or 18 h in the presence or absence of the NO donor GSNO (250 or 500 M) or the nitroxyl generator AS (250 M). A lower concentration of metHb compared with HbA 0 and HbS was used because preliminary experiments showed that 15 M metHb was toxic to cells. Further experiments were performed to investigate the influence of NO or nitroxyl on endothelial heme uptake. Cells were incubated with hemin (15 M) or the three hemoglobins in the presence or absence of AS (250 M), and heme content was measured after 2, 4, and 6 h. Hemin was prepared freshly for each experiment by first solubilizing it in 500 l of NaOH (0.012 M) and then making up to final volume with phosphate buffer. In some experiments, we examined the effects of a pure H-NO complex (15 M) on heme oxygenase activity, HO-1 expression, heme uptake, and bilirubin production. The influence of serum albumin on heme uptake was analyzed by incubating cells with hemin in serumfree medium or serum-free medium containing bovine serum albumin (5 or 30 M). To discriminate whether AS was increasing heme uptake because of a direct influence of nitroxyl on the ability of cells to incorporate hemin or because of a direct chemical interaction of hemin and nitroxyl, some experiments were carried out by exposing cells to AS (250 M) 5 min before addition of hemin. Considering that AS has a half-life of 2 to 3 min in physiological solutions (Bonner and Ravid, 1975) , 5 min was estimated to be an adequate time before addition of hemin. Finally, heme content was measured in renal epithelial cells, Girardi cells, and RAW264.7 macrophages exposed to hemin in the absence or presence of AS. All of the experiments were carried out in the dark because of the light-sensitive nature of the reagents.
Assay for Endothelial Heme Oxygenase Activity. Heme oxygenase activity was determined in endothelial cells at different times after treatment as previously described by our group (Foresti et al., 1997) . In brief, harvested cells were subjected to three cycles of freeze/thawing before addition to a reaction mixture containing NADPH, rat liver cytosol as a source of biliverdin reductase, and the substrate hemin. The reaction was conducted at 37°C in the dark for 1 h and was terminated by the addition of 1 ml of chloroform; the extracted bilirubin then was calculated by the difference in absorbance between 464 and 530 nm ( ϭ 40 mM/cm).
Western Blot Techniques for Detection of HO-1 Protein Expression. Samples of endothelial cells also underwent Western immunoblot analysis as described previously (Foresti et al., 1997) . In brief, an equal amount of proteins (30 g) for each sample was separated by SDS-polyacrylamide gel electrophoresis and transferred overnight to nitrocellulose membranes; the nonspecific binding of antibodies then was blocked with 3% nonfat dried milk in PBS. Membranes were then probed with a polyclonal rabbit anti-HO-1 antibody (Stressgen, Victoria, BC, Canada) (1:1000 dilution in Trisbuffered saline, pH 7.4). After three washes with PBS containing 0.05% (v/v) Tween 20, blots were visualized using an amplified alkaline phosphatase kit from Sigma (Extra-3A) and subjected to densitometric analysis.
Assay for Determination of Cellular Heme Content. Heme content was determined using a previously published method . In brief, at the end of the incubation, cells were washed twice with warm PBS, followed by addition of 1 ml of formic acid to solubilize the endothelial layer. The heme concentration in the formic acid solution was measured spectrophotometrically at 398 nm ( ϭ 1.56 ϫ 10 5 M/cm). Heme uptake was expressed as picomole per well.
Determination of Bilirubin in Culture Medium. At the end of the incubation, 0.5 ml of culture supernatant was added to 250 mg of BaCl 2 and vortex-mixed thoroughly as already described . Then, 0.75 ml of benzene was added to the mixture, and tubes were vigorously vortex-mixed again. The benzene phase containing the extracted bilirubin was separated from the aqueous phase by centrifugation at 13,000g for 30 min. Bilirubin was measured spectrophotometrically as a difference in absorbance between 450 and 600 nm ( ϭ 27.3 mM/cm) and was expressed as nanomolar per milligram protein.
Statistics. Differences in the data among the groups were analyzed by using one-way analysis of variance combined with the Bonferroni test. Values were expressed as mean Ϯ S.E.M., and differences between groups were considered to be significant at P Ͻ 0.05.
Results
NO
؉ (GSNO) and NO ؊ (AS) Donors Synergize with Hemoglobin to Increase Endothelial Heme Oxygenase Activity and Up-Regulate HO-1 Expression. We have reported in a recent publication that NO and NO Ϫ strongly affect the extent of HO-1 induction by hemin (Naughton et al., 2002b; Foresti et al., 2003) . Specifically, we found that hemin-mediated HO-1 induction is amplified in the presence of NO or its reduction product nitroxyl. In the present study, we investigated whether similar effects could be observed by replacing hemin with hemoglobin. We decided to test three distinct hemoglobins because of their different behavior in terms of heme release. In fact, HbA 0 is purchased as stabilized in the ferrous form but becomes susceptible to oxidation once solubilized in medium and incubated with cells in aerobic conditions (Motterlini et al., 1995) . We and others have already shown in the past that a strict correlation exists between the rate of autoxidation of HbA 0 (i.e., rate of formation of metHb) and the increase in endothelial heme oxygenase activity (Balla et al., 1993; Motterlini et al., 1995) .
It is also known that metHb can easily lose its heme moiety (Balla et al., 1993) , and consistently, we observed in preliminary experiments that cells could tolerate exposure to 15 M HbA 0 for 6 or 18 h but would die in the presence of 15 M metHb, thereby forcing us to decrease the concentration of metHb to 1 M. HbS was also tested because of its association with sickle cell disease and the intrinsic property to autoxidize and release heme faster than HbA 0 (Reiter et al., 2002) .
Our results show that all of the hemoglobins tested caused at different degrees induction of endothelial HO-1 and a consequent increase in heme oxygenase activity (Figs. 1, 2 , and 3). This effect was particularly evident after the 18-h incubation, indicating that the time-dependent oxidation of hemoglobins and the subsequent release of hemin from the protein are important factors influencing HO-1 up-regula- Fig. 1 . GSNO synergizes with metHb to up-regulate endothelial heme oxygenase activity and HO-1 expression. A, endothelial cells were exposed for 6 or 18 h to 1 M metHb in the presence or absence of 250 or 500 M GSNO. Cells were also exposed to GSNO or medium alone (CON). Heme oxygenase activity was measured as described under Materials and Methods. B, the expression of HO-1 protein was determined by Western blot technique in cells incubated as above. The image is representative of three independent experiments, and the table (C) reports the mean arbitrary units of the results obtained by densitometric analysis of the bands (densitometry normalized to ␤-actin). Bars represent the mean Ϯ S.E.M. of four to six independent experiments per group. ‫,ء‬ P Ͻ 0.05 versus CON; †, P Ͻ 0.05 versus metHb alone.
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at ASPET Journals on April 18, 2017 jpet.aspetjournals.org tion. In general, we observed that the stimulation of endothelial heme oxygenase activity was higher with metHb compared with HbA 0 (note that metHb was used at 1 M versus 15 M HbA 0 ), both in the presence and absence of GSNO. However, when compared with the same concentration of HbS, HbA 0 produced a higher heme oxygenase activity. Thus, the potency of the three hemoglobins in increasing heme oxygenase activity could be summarized as follows: metHb Ͼ HbA 0 Ͼ HbS. In agreement with our findings using free hemin , NO in any oxidation state significantly enhanced the induction of HO-1 elicited by all of the hemoglobins at 6 h (Figs. 1, 2, 3, and 4) . After 18 h, GSNO continued to markedly amplify the hemoglobin-mediated increase in heme oxygenase activity, whereas the effect of AS was less pronounced. This is probably because of the short half-life of AS (2-3 min) in physiological buffer, as opposed to the long-lasting NO-releasing properties of GSNO, which is also a nitrosating agent.
Effect of AS on Endothelial Heme Uptake Elicited by Hemoglobins. We have previously shown that NO liberated from different NO donors increases the incorporation of free hemin in endothelial cells . Therefore, we were interested to test whether the heme uptake measured in the presence of hemoglobins would be altered by coincubation with the reduced form of NO, nitroxyl, generated by the decomposition of AS. We performed these experiments with AS based on the assumption that, if a modulation of heme uptake was to be observed, we would be able to detect it within a short period because of the short half-life of AS. As shown in Fig. 4A , heme incorporation at 2 and 4 h was similar between cells incubated with metHb alone or in combination with AS; however, heme uptake was much lower with metHb plus AS than with metHb alone after 6 h. In contrast, AS enhanced cellular heme levels in the presence of HbA 0 or HbS (Fig. 4, B and C) at all of the time points considered.
Comparison between H-NO and Heme on the Stimulation of Heme Oxygenase Activity, Heme Uptake, and Bilirubin Production. We have postulated previously that M GSNO. Cells were also exposed to GSNO or medium alone (CON). Heme oxygenase activity was measured as described under Materials and Methods. B, the expression of HO-1 protein was determined by Western blot technique in cells incubated as above. The image is representative of three independent experiments, and the table (C) reports the mean arbitrary units of the results obtained by densitometric analysis of the bands (densitometry normalized to ␤-actin). Bars represent the mean Ϯ S.E.M. of four to six independent experiments per group. ‫,ء‬ P Ͻ 0.05 versus CON; †, P Ͻ 0.05 versus HbA 0 alone. Fig. 3 . GSNO synergizes with HbS to up-regulate endothelial heme oxygenase activity and HO-1 expression. A, endothelial cells were exposed for 6 or 18 h to 15 M HbS in the presence or absence of 250 or 500 M GSNO. Cells were also exposed to GSNO or medium alone (CON). Heme oxygenase activity was measured as described under Materials and Methods. B, the expression of HO-1 protein was determined by Western blot technique in cells incubated as above. The image is representative of three independent experiments, and the table (C) reports the mean arbitrary units of the results obtained by densitometric analysis of the bands (densitometry normalized to ␤-actin). Bars represent the mean Ϯ S.E.M. of four to six independent experiments per group. ‫,ء‬ P Ͻ 0.05 versus CON; †, P Ͻ 0.05 versus HbS alone. the formation of H-NO adducts could explain the increase in heme uptake in the presence of NO donors . Predictably, when hemin was reacted stoichiometrically with AS in phosphate buffer solution, a spectrum typical of H-NO complex was formed (data not shown). Therefore, we performed experiments using a presynthesized H-NO and compared its effect with those elicited by free hemin alone or by free hemin incubated with AS. Figure 5A shows that Effect of H-NO on heme oxygenase activity, HO-1 expression, heme uptake, and bilirubin production. Cells were incubated with medium alone (CON), hemin (H, 15 M), hemin in the presence of 250 M AS (HϩAS), or an H-NO complex (H-NO, 15 M) for 6 or 24 h. At the end of the incubation, samples were collected for the heme oxygenase activity assay (6 h) (A) or determination of HO-1 protein expression (6 and 24 h) (B). The Western blot is representative of three independent experiments. C, cells were exposed to medium alone (CON), hemin (H, 15 M), hemin in the presence of 250 M AS (HϩAS), or an H-NO complex (H-NO, 15 M), and heme uptake was determined at 0, 2, 4, and 6 h as described under Materials and Methods. D, bilirubin released into the culture supernatant was measured 24 h following exposure of cells with medium alone (CON), 15 M hemin (H), hemin in the presence of 250 AS (HϩAS), or an H-NO complex (H-NO, 15 M). Data represent the mean Ϯ S.E.M. of five or six independent experiments per group. ‫,ء‬ P Ͻ 0.05 versus CON; †, P Ͻ 0.05 versus hemin alone. Fig. 4 . A nitroxyl generator synergizes with different hemoglobins to up-regulate endothelial heme oxygenase activity and heme uptake. A, endothelial cells were exposed for 6 or 18 h to 1 M metHb in the presence or absence of 250 M AS (a nitroxyl generator) for the heme oxygenase activity assay. Cells were also exposed to AS or medium alone (CON). For the heme uptake experiments, cells were exposed to medium alone (CON), AS, or metHb in the presence or absence of AS, and heme levels were assessed after 0-, 2-, 4-, or 6-h incubation. Similar experiments were conducted to measure heme oxygenase activity and heme uptake with HbA 0 (B) and HbS (C). For the heme oxygenase activity assay, bars represent the mean Ϯ S.E.M. of four to six independent experiments per group. For the heme uptake measurements, data represent the mean Ϯ S.E.M. of six independent experiments per group. ‫,ء‬ P Ͻ 0.05 versus CON; †, P Ͻ 0.05 versus each different hemoglobin alone.
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Similar results were obtained with the assessment of HO-1 protein levels at 6 and 24 h (Fig. 5B) . The densitometric analysis normalized with ␤-actin showed that heme and AS caused a greater induction of HO-1 protein expression (41.35 Ϯ 16.9) compared with heme alone (24.76 Ϯ 3.9) or H-NO (24.62 Ϯ 7.5) after 24-h incubation. AS markedly increased the incorporation of the heme at 2 h, and the levels started to decrease thereafter (Fig. 5C) ; interestingly, although heme levels were higher with H-NO than with heme alone at 2 h, they continued to accumulate over time (up to 6 h). The bilirubin assay showed that incubation of heme with AS resulted in enhanced bilirubin levels in the culture medium (Fig. 5D ), whereas little difference was observed between cells exposed to heme or H-NO. To explore the possibility that nitrate, which is produced during the degradation of H-NO in aerobic conditions, could affect heme uptake, we performed experiments incubating cells with hemin in the presence of 15 M sodium nitrate. No changes were observed (data not shown), indicating that nitrate does not influence heme uptake.
Effect of Preincubation with AS and Bovine Albumin on Hemin Uptake. The previous results emphasize at least two important aspects: 1) if an H-NO complex forms during coincubation of hemin with AS, this complex is taken up more easily; and 2) because heme uptake in cells coincubated with heme and AS was much higher than with pure H-NO, the formation of this adduct cannot be the only mechanism by which AS strongly magnifies the incorporation of heme in endothelial cells. Therefore, we examined whether AS could directly affect the ability of cells to uptake heme by preexposing them to the nitroxyl donor 5 min before the addition of heme. Because AS has a short half-life, the preincubation would prevent (or considerably reduce) the interaction of the nitroxyl donor with heme. Notably, the heme content of cells pre-exposed to AS followed 5 min later by heme was even higher than that measured when AS and heme were incubated simultaneously (Fig. 6A) , strongly suggesting that nitroxyl interacts with cells or cell membranes and increases the heme flux from the extracellular to the intracellular space. We also performed a set of experiments in which the influence of bovine albumin on heme uptake was evaluated. It is known that albumin binds heme, and it was not surprising to observe that the presence of this protein decreased heme incorporation in a concentration-dependent manner (Fig. 6B) , as already reported for rat aorta (Bui et al., 2004) . The addition of AS enhanced heme uptake even in the presence of albumin. In fact, the measurement of heme per well at 2 h was 665.6 Ϯ 28, 146.4 Ϯ 5, and 263.9 Ϯ 19 pmol for heme alone, heme incubated with 5 M albumin, or heme incubated with 5 M albumin in the presence of AS, respectively. Unlike the previous experiments, the data presented in Fig.  6 were obtained from cells incubated in serum-free medium to evaluate the real effect of AS or albumin on heme uptake without the interference of serum components.
Measurements of Heme Uptake in Different Cell Types. Considering that the endothelium might have evolved specific adaptive mechanisms because of its continuous exposure to free hemoglobin and NO, we were interested to investigate whether the phenomena that triggered the amplification of HO-1 in endothelial cells were reproducible in other cell types. Figure 7 shows the heme levels measured in porcine renal epithelial cells, human adult atrial myoblast cells (Girardi cells), and murine RAW264.7 macrophages following incubation with hemin in the presence or absence of AS. Interestingly, AS directly increased the uptake of heme in the three cell lines tested, with the effect being more pronounced in Girardi cells and macrophages. It is important to note that compared with renal cells and macrophages, Girardi cells displayed an intrinsically higher heme content at basal conditions, in line with the fact that cardiac cells contain high levels of myoglobin and many mitochondria-enclosing heme-dependent cytochromes.
Discussion
The endothelial layer is continuously exposed to free heme derived from hemoglobin and incorporates it within the cell where the tetrapyrrole ring is subsequently degraded by the heme oxygenase system. This process is aimed at limiting heme-mediated pro-oxidant effects and is likely to be very relevant during pathological conditions characterized by hemolysis, but it cannot be excluded that this mechanism may serve to ensure a basal production of the cardiovascularprotective molecules CO and bilirubin (Clark et al., 2003; Foresti et al., 2004) . It is not known whether the uptake of free heme is regulated; however, our group has reported recently that NO enhances heme incorporation into the endothelium, resulting in increased HO-1 up-regulation and production of bilirubin . In the present Fig. 6 . Bovine serum albumin and preincubation with AS modulate heme uptake by endothelial cells. A, cells were exposed to medium alone (CON), 15 M hemin (Heme), 250 M AS, and hemin and AS (HemeϩAS) or were preincubated with AS for 5 min before the addition of hemin [AS (PI)ϩHeme]. Heme uptake was assessed at 0, 2, 4, and 6 h as described under Materials and Methods. B, cells were incubated in medium alone (CON), hemin (Heme, 15 M), or hemin in the presence of 5 or 30 M bovine albumin (HemeϩAlb). Heme uptake was determined at 0, 2, 4, and 6 h. All sets of experiments were performed in the absence of fetal bovine serum to avoid interference with serum components. Data represent the mean Ϯ S.E.M. of five or six independent experiments per group. ‫,ء‬ P Ͻ 0.05 versus CON; †, P Ͻ 0.05 versus hemin alone. study, we extend our previous findings by showing that NO synergizes with three distinct hemoglobins to up-regulate HO-1 and increase the uptake of heme in bovine aortic endothelial cells. Specifically, we found that NO-related species (released by GSNO or AS), coincubated with reduced (HbA 0 ) or oxidized (metHb) hemoglobin, as well as hemoglobin from sickle cell disease (HbS), strongly augment endothelial heme uptake and HO-1 expression. We also show that the heme content is higher in cells exposed to a preformed H-NO complex compared with an equal concentration of hemin, suggesting that H-NO might possess enhanced lipophilic properties. Thus, NO and/or its redox-activated forms not only stimulate the stress-responsive HO-1 protein per se Motterlini et al., 2002) but also may be important exogenous factors modulating the uptake of heme and consequently maximizing the expression of the cytoprotective HO-1 system.
Based on the possible differential activity of NO in its reduced or oxidized forms (Motterlini et al., 2002) , two distinct NO-releasing agents were used to assess the synergism between NO forms and hemoglobins in up-regulating HO-1. All of the NO-related forms used were found to further increase HO-1 expression and activity by hemoglobins in endothelial cells, confirming our previous findings obtained by combining NO donors with free hemin (Naughton et al., 2002b; Foresti et al., 2003) . However, important differences were observed; AS, which rapidly reacts with Hb to form the ferrous nitrosyl adducts, had the largest and most profound amplification at 6-h incubation; at 18-h incubation, GSNO, an NO ϩ species that slowly releases NO in a copper-dependent manner (Williams, 1999) , amplified heme oxygenase activity to a greater extent than AS. This is in line with the hypothesis that the induction of HO-1 by NO-releasing agents correlates better with the rate at which the NO redox form is liberated (half-life) rather than the NO species generated from the compound Motterlini et al., 2002) .
The type of hemoglobin used also strongly influenced the extent of HO-1 induction, and our data suggest that the time-dependent oxidation of hemoglobins must precede the induction of the heme oxygenase response. Indeed, despite using only 1 M concentration, metHb incubated with NO donors elicited a greater enhancement of heme oxygenase activity than HbA 0 or HbS. Therefore, it seems that NO-related species can synergize better with oxidized hemoglobin to induce HO-1. In this respect, it was surprising to observe that coincubation of HbS with NO donors elicited a smaller amplification effect compared with HbA 0 because HbS is known to be more susceptible to heme loss (Reiter et al., 2002) . These findings might be explained by a defective interaction between NO or its related species and the mutated HbS, as it has been recently described that an impaired reactivity and processing of NO by HbS might partially explain the abnormal vasoactivity by red blood cells in sickle cell disease (Pawloski et al., 2005) .
The various chemical transformations relevant to the observed HO induction are complex and difficult to resolve. Both the NO ϩ and NO Ϫ donors used have been shown to undergo conversion to NO under comparable conditions; GSNO is converted to NO by Cu (Singh et al., 1996) or heme (Spencer et al., 2000) , and nitroxyl (AS) is oxidized to NO by reaction with oxygen (Han et al., 2002) . There are also several fundamental reactions possible between the different states of Hb and NO or nitroxyl (Pawloski et al., 2001; Sulc et al., 2004) (Table 1) . It is important to note that the final products are typically the same: the ferrous nitrosyl, NO-Hb, results from reactions of NO x donors with deoxy or metHb, whereas for oxyHb reactions with NO x generally yield the oxidized metHb. The metHb form will also slowly convert into NO-Hb under NO gas (Hoshino et al., 1996) ; the ferrous nitrosyl is a thermodynamic trap that also has considerable lifetime in oxygenated solutions. Therefore, we postulated a key role for the ferrous nitrosyl heme in HO-1 induction. Whether NO redox species provoke the conversion of reduced to oxidized hemoglobin, which then quickly liberates heme to be taken up by the endothelium, or NO directly modulates the incorporation of heme remains to be determined. It cannot be excluded that both mechanisms could occur simultaneously.
The results from the heme uptake experiments indicate a different interaction of NO with hemoglobins. Notably, AS increased heme incorporation when cells were incubated with HbA 0 or HbS, whereas it had no effect on metHb. In addition, the presence of AS reduced the continuous accumulation of heme observed at 6 h in cells incubated with metHb alone, suggesting that the nitroxyl donor was stimulating heme degradation. The pattern of increase in intracellular heme levels was also different between HbA 0 and HbS, and , and RAW264.7 macrophages (C) were exposed to medium alone (CON), 15 M hemin (Heme), AS (250 M), or hemin in the presence of AS (HemeϩAS). Heme uptake was measured at 0, 2, 4, and 6 h. It is interesting to note that Girardi cells, a human cardiac myoblast cell line, display high heme levels even in control conditions. Data represent the mean Ϯ S.E.M. of five or six independent experiments per group. ‫,ء‬ P Ͻ 0.05 versus CON; †, P Ͻ 0.05 versus hemin alone.
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H-NO complexes have been shown to form under physiological or pathophysiological conditions and may act as potential stores of NO; for example, increased levels of circulating nitrosyl hemoglobin and H-NO complexes in the liver were observed in rats treated with endotoxin or under hemorrhagic shock (Davies et al., 2005) , and nitrite-mediated H-NO formation occurred progressively during heart ischemia (Tiravanti et al., 2004) . We have postulated in our previous report that the enhanced heme uptake elicited by NO could be because of formation of H-NO complexes . In the present study, we were able to address this hypothesis by using a pure chemically synthesized H-NO complex. The picture that emerges from these experiments is that the H-NO complex is more powerful in the stimulation of heme oxygenase activity, HO-1 expression, and heme uptake than an equal concentration of free heme. However, the effect of H-NO was much less pronounced than that obtained with a simultaneous incubation of heme plus AS. Furthermore, heme levels increased and started to gradually decrease with heme or heme plus AS, whereas they accumulated over time with the H-NO complex. This suggested that H-NO might be more difficult to be degraded by heme oxygenase, as already reported by Juckett et al. (1998) and Wang et al. (2003) ; this finding is also partially supported in the present study by the measurements of bilirubin production. Thus, on one side, H-NO appears to be more lipophilic and a better inducer of HO-1 than heme alone, and on the other side, it is a poorer substrate for heme oxygenase activity. All together, these results led us to think that other mechanisms, apart from formation of H-NO, are involved in the amplification of HO-1 induction and heme uptake observed in endothelial cells coincubated with hemoglobins and NO donors. This possibility is sustained by the findings showing that treatment of cells with AS before heme exposure still resulted in a higher heme uptake compared with heme alone, implying that NO or its redox forms directly affect the permeability of cellular membranes to heme incorporation. Because renal epithelial cells, Girardi cells, and particularly macrophages all exhibited enhanced heme uptake in the presence of AS, our data indicate a novel and general role for NO in the modulation of heme transport.
In conclusion, our study shows that NO finely controls the availability of heme as an inducer of HO-1 and as a substrate for heme oxygenase activity, highlighting that such processes do not apply only to free heme but also to heme from a protein source such as hemoglobin. These findings have important implications for those pathological situations, such as sickle cell disease and septic and hemorrhagic shock, during which the NO-heme equilibrium is critically disrupted because of increased hemolysis or excessive NO production. By modulating the incorporation of heme with NO and promoting the formation of H-NO complexes, the organism may have evolved a unique strategy to rapidly remove the pro-oxidant heme and simultaneously magnify the induction of the cytoprotective heme oxygenase pathway. 
